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Suppression of Superconductivity in YBCO/LCMO Superlattices 
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The competition of superconductivity and magnetism in superlattices composed of alternating 
YBa2Cu3C>7-d and Lao.67Cao.33Mn03 thin films is investigated using low-energy optical spec- 
troscopy. The thickness of the superconducting YBCO layers is varied from 30 nm to 20 nm while 
the thickness of the magnetic LCMO layers is kept constant at 20 nm. We clearly observe that 
the superconducting condensate density in the superconducting state of superlattice is drastically 
reduced by the magnetic subsystem which may be connected with proximity effects that distort the 
gap symmetry and thus suppress superconductivity. 

PACS numbers: 72.25.Mk; 74.78.Bz; 75.70.Cn; 78.66.-w 



Since the early 1960s the interplay of superconduc- 
tivity (SC) and ferromagnetism (FM) has continuously 
drawn attention 0. At first glance SC and FM exclude 
each other because the magnetic exchange field breaks 
the Cooper pairs. Nevertheless the possible coexistence 
of both phenomena due to a spatially modulated order 
parameter was suggested by Fulde, Ferrell, Larkin and 
Ovchinnikov Q; the correspondent state was never ob- 
served in conventional SC. A good way to study the effect 
is to bring the nano-sized layers of the two materials into 
contact and to view the SC-FM interaction on the level 
of the proximity effects. The exploration of multilayer 
systems composed of alternating conventional SC and 
metallic FM layers was subject of recent reviews 0,0. 

In the last years artificially grown superlattices (SLs) 
consisting of high-T c superconductors and manganese ox- 
ides which exhibit the phenomenon of colossal magne- 
toresistance have attracted increasing interests for var- 
ious reasons. On one hand, SLs were developed as an 
important tool to explore the interplay between the two 
antagonistic SC and FM ground states, and on the other 
hand the injection of spin-polarized carriers can lead to 
new SC switching devices @. Due to the structural 
similarity of the two classes of perovskite compounds, 
it is possible to construct a unique combination of SC 
cuprate and strongly FM manganese layers. It has been 
demonstrated by different groups [E IE El that al- 
though SC and FM are preserved in each subsystem, 
the superconducting transition temperature T c and the 
Curie temperature of the magnetic ordering T mag are 
considerably suppressed. Transport and magnetization 
measurements clearly indicate that spin-polarized quasi- 
particle injection in YBa2Cu307_d/Lao.67Cao.33Mn03 
(YBCO/LCMO) SL can strongly decrease T c and the 
critical current J c 0, [n| . Particularly interesting is the 
almost complete spin polarization in LCMO and the low 
carrier density in YBCO which seems to be suppressed 
even further in the case of SL, as was shown by optical 
spectroscopy The advantage of optical techniques 

is that one can directly monitor the temperature depen- 
dence of the "strength" of the conducting and supercon- 
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FIG. 1: Temperature dependence of normalized dc- 

resistivities of two superlattices deposited on a LaSrGa04 

substrate, each consisting of five periods of 20 nm thick 
Lao.67Cao.33MnC>3 layer and 20 or 30 nm YBa2Cu307_d layer, 
as shown in the inset. 



ducting condensates expressed by the spectral weight, i.e. 
the area under the dynamical conductivity spectrum. Up 
to now, however, optical measurements failed to even de- 
tect a sign of (weakened) superconductivity in SL. In this 
paper, we report on the first measurements of optical 
properties of YBCO/LCMO superlattices at the radia- 
tion quantum energies low enough to allow for observa- 
tion of SC condensate response. We find strongly reduced 
SC superfluid density and an enhanced London penetra- 
tion depth in the superlattices and ascribe it to proximity 
effects. 

The samples are fabricated by pulsed laser deposi- 
tion techniques on LaSrGa04 (LSGO) (001) substrates 
which has low dielectric losses (tan S — 5 x 10~ 5 ) in 
the used frequency range and a favorable in-plane lattice 
match between LSGO (a = b = 0.3840 nm) and YBCO 
(a = 0.3836 nm, b — 0.3883 nm). The growth conditions 
of the c-axis oriented YBCO and LCMO layers were op- 
timized in the way to achieve optimal superconductiv- 
ity and ferromagnetism. Detailed information about the 
fabrication of SLs can be found in Ref. 0. Alternating 
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TABLE I: Parameters of super lattices: thicknesses ^ybco of 
YBa 2 Cu307_ t i and g^lcmo of La .67Cao.33Mn03 films, num- 
ber of film periods deposited, superconducting transition tem- 
perature T c , magnetic ordering temperature T mag determined 
by maximum of resistivity, London penetration depth Xl, 
plasma frequency of superconducting condensate cjp/2n, and 
scattering rate of normal carriers 7. Also listed are the liter- 
ature values for single crystal and thin film of YBa2Cu307_d 
for comparison. 
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LCMO and YBCO layers (five of each) are deposited as 
sketched in the inset of Fig. 2] For all SLs used, the 
thickness d of the LCMO layers is kept at 20 nm, while 
the thickness of the YBCO layers changes from 20 nm 
to 30 nm. We have studied two superlattices, which will 
be referred to as 20/20 and 30/20 - the ratio of thick- 
nesses of the YBCO to the LCMO layers. Parameters 
of the samples used in our study are listed in Table [I] 
Only the corresponding (OO/i) peaks are observed in X- 
ray diffraction 9/2 measurements for YBCO, LCMO, and 
the LSGO substrate. The SC transition temperature T c 
and the magnetic transition temperature T mag are deter- 
mined by dc-resistance R(T) and SQUID magnetization 
measurements, respectively (Fig. QJ; the values are close 
to what we have obtained for SLs grown on SrTiOa sub- 
strate HE2 In addition, single LCMO film (d = 20 nm) 
and single YBCO film (d — 30 nm) were also prepared 
on LSGO substrates so that we could study optical prop- 
erties of thin YBCO and LSCO films not incorporated in 
the SL. For a single thin YBCO film of 30 nm we find a 
reduced SC transition temperature of approximately 70 
to 80 K. 

Optical measurements were done in transmission mode 
at the lower end of the far-infrared spectral range (6 
- 30 cm" 1 ) at temperatures 5 K < T < 300 K, 
with the help of the millimeter-submillimeter coherent- 
source spectrometer utilizing backward-wave oscillators 
as monochromatic frequency-tunable radiation sources, 
as described elsewhere in detail In a Mach-Zehndcr 
arrangement we measure the transmission coefficient Tr 
and the phase shift (p t of the radiation passing through 
the plane-parallel substrate with the SL on it. Spectra of 
both, conductivity o~(oj) and dielectric permittivity e(w), 
of single films or of composite SL are obtained directly 
(no Kramers-Kronig relations used) from Tr and tpt on 
the basis of the general Fresnel expressions for the layered 
system (the dielectric parameters of the substrate 
are measured beforehand). In these measurements the 
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FIG. 2: Frequency dependence of conductivity <t(uj) 
and dielectric permittivity e(co) of (a and b) single 
Lao.67Cao.33Mn03 (thickness d — 20 nm) and (c and d) single 
YBa2Cu307_d (d — 30 nm) films on a LaSrGaCU substrate 
at different temperatures as indicated. The lines are guides 
to the eye. 



probing radiation passes through the superlattice which 
is considered as a single layer and whose effective op- 
tical properties are thus averaged over those of SC and 
FM layers composing it, in conditions when the radiation 
wavelength is much larger compared to the layer thick- 
ness; we note that this transmission technique is thus 
more sensitive to the optical properties of the films when 
compared to the optical reflectivity techniques. 

Fig. |U shows the frequency dependence of the con- 
ductivity cr(u>) and dielectric permittivity e(u>) of single 
LCMO and YBCO films recorded at different tempera- 
tures. For the LCMO film, basically no frequency depen- 
dence is observed for a whose value increases at lower 
temperatures, the spectra of e show a slight increase to 
high frequencies and do not significantly depend on the 
temperature - both observations indicate good metallic 
(Drudc-like) properties. In the case of YBCO, displayed 
in Fig. |2t and d, both a and e are frequency indepen- 
dent at high temperatures (metallic behavior) but re- 
veal a pronounced dispersion at 5 K. A strong increase 
of a is seen towards the lowest frequencies, similar to 
that observed in all high-Tc's and connected to uncon- 
densed (normal) carriers [TElllf^l : such dispersion leads to 
a peak in the temperature dependence of the conductiv- 
ity, in case of our film - around 50 K for the frequency of 
25 cm- 1 . The dielectric permittivity e shows in the SC 
state a divergent dispersion e cx — (l/u>) 2 which repre- 
sents the dielectric response of the zero-frequency delta- 
function in the conductivity spectrum, responsible for the 
infinite DC conductivity [14|. Both behaviors of a and 
e of the YBCO film clearly display the appearance of a 
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FIG. 3: Frequency dependence of (a) conductivity a(ui) 
and (b) dielectric permittivity e(co) of YBa2Cu307_d/ 
Lao.67Cao.33MnC>3 superlattices (five periods) with 20 nm 
thickness of the LCMO film and different thickneses of the 
YBCO film (20 and 30 nm, denoted as 20/20 and 30/20, re- 
spectively), shown for the temperature of T = 5 K. The solid 
lines are guides to the eye. 
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FIG. 4: Temperature dependence of (a) conductivity <r(T) 
and (b) dielectric permittivity e(T) of YBa2Cu307_d/ 
Lao.67Cao.33Mn03 superlattices (five periods) with 20 nm 
thickness of the LCMO film and different thickness of the 
YBCO film (20 and 30 nm, denoted as 20/20 and 30/20, re- 
spectively). The data are shown for one particular frequency 
v = 10 cm -1 . The solid lines are guides to the eye. 



SC state. We have analyzed the 5 K spectra of YBCO 
film modeling the response of the condensed SC carriers 
as 6 s (ll>) — — (cjp/cj) 2 and a Drude expressions 0] for 
o{ui) and e(w) for uncondensed carriers contribution; the 
results are listed in Table [I] For the plasma frequency 
of the superconducting carriers at T = 5 K we obtain 
Wp/27r = 1780 cm" 1 from which we get the value of the 
London penetration depth Al = cjio s v = 0.9 /im (c is the 
velocity of light). Both values are significantly different 
from those obtained for single crystals and thicker films 
[T7I Il8l | : the value of Al is strongly enhanced and ui p de- 
creased, probably due to the effect of the film thickness, 
which will be discussed in a subsequent publication. 

We now turn to the dielectric responses of the su- 
perlattices for which the frequency and temperature de- 
pendences are shown in Figs. |3] and Similar to the 
single YBCO film, the dielectric permittivity spectra of 
SLs also reveal a signature of a superconducting response 
(Fig. [2J - a diverging behavior at the lowest temperature, 
e(oj) oc — (1/uj) 2 . At the same time the absolute values of 
e, which represent a measure of the SC condensate den- 
sity, are noticeably, by 6 to 10 times, reduced compared 
to a single YBCO film. This means that while the super- 
conductivity is still maintained in SLs, its "strength" is 
strongly suppressed. By fitting the spectra of cr(u>) and 
e(w) for a SLs as described above we obtain the plasma 
frequencies of the SC condensate and the London pene- 
tration depths, the values given in Table [I] 19j. We find 
a strong decrease of the SC carriers density (tOp) and a 
correspondent increase of Al when going from the sin- 
gle YBCO film to the 30/20 and further to the 20/20 
superlattice. 



The conductivity spectra of SLs also show behaviors 
different from that in the single YBCO film. The abso- 
lute values of the conductivities for the 20/20 and 30/20 
SLs are reduced and no significant dispersion is observed, 
both indicating an increase of the scattering rate for the 
normal (uncondensed) carriers. 

The observed suppression of SC in the superlattices 
cannot be caused by such effects as incomplete oxygena- 
tion or surface disorder, as was shown in Q and [2fj| . 
We also note that we were not able to fit the measured 
spectra of transmission coefficient and phase shift by con- 
sidering the SL as consisting of 5 YBCO and 5 LCMO 
layers each having properties of single YBCO and LCMO 
films. This means that these films, when incorporated in 
a SL, cannot be considered as independent layers. We 
thus conclude that it is the interaction of FM and SC 
condensates that is responsible for the strong reduction 
of the observed SC carrier density. Our findings are in 
accordance with estimations of the spin diffusion length 
of approximetely 30 nm |2l| . 

In the study of impurity doped YBCO, the normalized 
critical temperature T c /T c0 (T c0 corresponds to the tran- 
sition temperature of a high quality YBCO) is found to 
show the dependence on the normalized zero temperature 
superfluid density n s /no p2l l23l | which is quite differ- 
ent from that predicted by a standard Abrikosov-Gor'kov 
theory [Hj. Using T c0 =92 K (YBCO single crystal), we 
found that the ratio T c /T c q for our superlattices shows 
behaviors similar to that in Zn- and Ni-doped YBCO 
thin films [24,25]; those results were explained by a gap- 
less superconductivi ty. In fact for low-T c SC/FM super- 
lattices Sun et al. j25j recently proposed that gapless 
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superconductivity appears in both FM and SC regions 
near the interface. In the superlattices, the influence 
of the FM layers upon the SC layers is expressed via a 
strong plane perturbation, magnetic exchange field and 
proximit y ef fect. As first pointed out by Abrikosov and 
Gor'kov j2J], gapless superconductivity is a common fea- 
ture in SC in the presence of strong perturbation. In the 
gapless region, the electronic properties are drastically 
modified and lead, for example, to a linearly tempera- 
ture dependent specific heat, reduced T c and enhanced 
London penetration depth [27fl, in accordance with our 
optical observations. 



In summary, from our low-energy optical experiments 
we find a strong weakening of the superconducting re- 
sponse of superconducting/ferromagnetic YBCO/LCMO 
superlattices when the thickness of the YBCO SC layer 
in the supcrlatticc decreases: considering the supcrlat- 
tice as an effective medium we find a strong decrease of 
the effective density of the superconducting condensate 
and correspondent enhancement of the London penetra- 
tion depth. These results indicate a strong suppression of 
superconductivity in YBCO/LCMO superlattices which 
can be attributed to the pair-breaking effect of the ferro- 
magnetic layers. 
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